There are only a few reports on the heemodynamic effect of exercise in pulmonary stenosis (Ikkos, 1963t; Hugenholtz and Nadas, 1963; Lewis et al., 1964) , and the exercise tolerance, evaluated by quantitative and objective methods, has not been studied previously.
The adaptation to exercise in patients with increased "volume work" of the right ventricle, in atrial septal defect, has been described earlier (Jonsson, Linderholm, and Pinardi, 1957) . In the present study patients with pulmonary stenosis with increased "pressure work" of the right ventricle are examined in a similar way.
SUBJECTS AND METHODS
All patients referred to the department of clinical physiology at Karolinska Sjukhuset for heart catheterization during the years 1953-1963 are included. In Table I are listed some anthropometric data and the anatomical diagnosis. The type of stenosis and the existence of an intact ventricular septum were based not only on physical and htemodynamic findings, but also on angiocardiography with injection of contrast medium into the right ventricle.4 None had clinical signs of heart decompensation. All had sinus rhythm.
An atrial septal defect or open foramen ovale was demonstrated in 11 instances. Patients with a combination of slight pulmonary stenosis and an atrial septal defect with significant left-to-right shunt were excluded from this series. Only one patient (Case 25) had a small left-to-right shunt (1.5 1./min.) and in addition a small right-to-left shunt (1I 1./min.) at rest. Another patient (Case 24) with an atrial septal defect and an abnormal venous return had a right-to-left shunt. The t This report included some patients of the present study. * Examinations performed in the radiological departments of the paediatric and thoracic clinics in Karolinska Sjukhuset.
anomalous vein from the upper lobe of the right lung to the superior vena cava was too small to give rise to a significant left-to-right shunt: at operation its diameter was 5 mm. A right-to-left shunt was present at rest in 7 and only during exercise in 4 further patients.
The shunt was marked at rest (arterial 02 saturation less than 85%) in 3 patients (Cases 7, 9, and 21).
The patients were compared with normal subjects studied at the same laboratory and with the same methods during the course of this investigation (Holmgren et al., 1957; Holmgren, Jonsson, and Sjostrand, 1960; BevegArd, Holmgren, and Jonsson, 1960) .
Methods for the determination of physical working capacity with the aid of a bicycle ergometer (Sj6strand, 1947; Wahlund, 1948) , heart volume (Kjellberg, Rudhe, and Sj6strand, 1949; Larsson and Kjellberg, 1948) , as well as the procedures of heart catheterization , Bevegard et al., 1960 , have been described previously.
For the determination of the physical working capacity, the patients worked in the sitting posture on the bicycle ergometer (Holmgren and Mattsson, 1954) . The work load was increased stepwise, each period lasting for 6 minutes. Usually the work was continued until the heart rate was about 170 beats a minute. In some cases, however, the work test was discontinued at a lower rate because of some abnormal signs or subjective complaints.
The physical working capacity at heart rate 170 (PWC170) was estimated using the approximately linear relation between work load and pulse rate after 6 minutes of work at each work load. By inter-or extrapolation, the work load in kpm./min. corresponding to a heart rate of 170 beats a minute was obtained.
The maximal work intensity performed at a relative steady state (Wmax) was expressed at the heaviest work load that the patient actually performed for 6 minutes. Pernow, 1959) , and the normal arterial oxygen saturation ml./sec., t5j = the duration of right ventricular ejection in was 98 (95-100) per cent in this series. Should there sec., SV=the stroke volume in ml., and RV,m -PAsm = be decreased arterial oxygen saturation, the pulmonary AP.m =the mean systolic pressure difference between flow is calculated using a predicted value for the satura-the right ventricle and pulmonary artery during the tion in pulmonary venous blood (if not The maximal work intensity performed at a relative steady state (Wmax) was at an average about 50 kpm./min. lower than the physical working capacity (PWC170) in all groups.
Effect of Exercise in Pulmonary Stenosis with Intact Ventricular Septum
The cyanotic patients of the Group Ia had a particularly low physical working capacity. The average physical working capacity in Group Ib was also low. It was higher in the other groups and normal in Group IV (see Table III ).
The total amount of ha-moglobin per kg. body weight was slightly low except in the patients of Group Ia with arterial hypoxemia, who had a larger total amount of hemoglobin per kg. body weight, and also a slightly higher blood volume per kg. body weight.
The heart volume was on an average larger in patients with pulmonary stenosis than in normal subjects. In particular the patients of Group Ia and Ib had large hearts, but in some patients of Group I and in most patients of other groups the heart was within the normal range ( Fig. 1) . A marked increase in heart volume was found in only 6 patients (5 in Group Ia and Ib and 1 in Group II). One patient (Case 9) had a heart volume of 1220 ml., which was normal in relation to the total amount of heemoglobin (1115 g.). He had, however, a marked polycythaemia with a hmmoglobin concentration of 19-6 g./100 ml. If related to the blood volume the heart was abnormally large.
The mean cardiac output at rest and cardiac index increased from low values in Group I to normal values in Group IV (Table III) . If it is compared with the linear regression line relating cardiac output to oxygen uptake of normal subjects, the cardiac output of all cases of Group I was low (see Fig. 2 ) and in half of these cases it was more than twice the standard error of estimate from the regression line.
The cardiac output during exercise ( Fig. 2 ) was low in relation to the oxygen uptake in all patients in Group I (more than twice the standard error of estimate from the regression line of normal subjects) but was normal or only slightly decreased in the patients in the other groups.
The mean stroke volume at rest and the mean stroke volume as a fraction of blood volume or heart volume increased from low values in Group I to normal values in Group IV (Table III) . The stroke volume per litre of blood volume was small in most of the patients in Group I (Fig. 3) , and showed a tendency to decrease during exercise. The systolic pressure in the right ventricle at rest (see Fig. 4 ). The lowest pressure was 30 mm. Hg with a pressure gradient over the outflow tract of 14 mm. Hg (Cases 33 and 40). In these patients anatomical changes in the valves were demonstrated on angiocardiography. The highest pressure at rest was 220 mm. Hg. (3-2)
7-4 (9-5) 7-5 9.9 11-0 7-8 9-6 11-9 1-8 (3-5) 7-3 9. The systolic pressure in the right ventricle during exercise increased more than normal (Fig. 4) (Table III) .
The duration of the right ventricular ejection (tej) The duration of the systole of the right ventricle Note: Hsemodynamic data were measured at rest in supine position. The groups are defined in the text. Group Ia represents cases with marked right-to-left shunt at rest. The figures for blood flow in cases with shunts refer to the pulmonary circulation. Incompletely examined patients were excluded in the calculation of mean values. Symbols as in Table I. was above the normal range of variation in several (Table III) .
Symbols as in Table I .
Relation between physical working capacity and other data. The physical working capacity Patients with pulmonary stenosis some of the patients with fairly tight stenosis had a PWC170 = 5-89 x SVR + 179; Spwc170 = 153; n = 44; r = 0-66 normal physical working capacity in relation to PWC170 = 6-04 x SVw + 163; SPwc70 = 132; n = 36; r = 0-73 total heemoglobin (Fig. 7) . The physical working Wmax=522xSVR+185; Swmaxx160; n=44;r=0-59 capacity in relation to heart volume was small in Normal subjects* most of the patients with a tight pulmonary PWC170 = 10-02 x SVw -195; SPwc170 = 129; n = 27; r = 0-88 stenosis (Fig. 8) , but fairly normal in most others.
A statistically significant positive correlation was * The regression equation is based on measurements described by Bevegard et al. (1960) and Holmgren et al. (1960) . Symbols as in Fig. 1 . The regression line at rest mQ=0-0274 XVj02; SQ= 1-14; n=27, and during exercise (Q=7-00+0-0057 X V02; SQ= 1-36; n=70, with twice the standard error of estimate indicates the normal variation (calculations from results given by Holmgren et al. (1960) and BevegArd et,al. (1960) ).
two measures of exercise tolerance and the stroke volume (Table IV) .
The correlation seems to be less good between the measures of physical working capacity and the right ventricular systolic pressure at rest or the right ventricular outflow area (Table IV) .
The linear regression equations for the relation between physical working capacity and stroke volume are given in Table V .
DISCUSSION
The ability to perform work with large muscle groups in steady state (aerobic work capacity) depends on the capacity to transport oxygen from y the respiratory tract to the tissues. The limiting factor in normal subjects is the circulation and not the lung function (Holmgren and Linderholm, 1958) . As the mechanical efficiency is fairly constant, the work performed is in proportion to the oxygen uptake. The work per unit time which an individual is able to perform at a given heart rate, e.g. 170 beats a minute, is, therefore, a function of the stroke volume and the arteriovenous oxygen difference at that heart rate, as expressed in Fick's equation: V02 = f x SV x AV 02-diff., where V,o = the oxygen uptake, f=the heart rate (here 170), SV= stroke volume, and AV 02-diff. = arteriovenous oxygen difference. It was demonstrated by Kjellberg et al. (1949) that the aerobic work capacity was closely related to the dimension of the cardiovascular system in normal subjects. Thus the physical working capacity, heart volume, and blood volume or total amount of hemoglobin were all related to each other in a linear way. It has also been shown (Bevegard et al., 1960; Holmgren et al., 1960 ) that in normal subjects there is a linear relation between the work performed at a heart rate of 170 beats a minute and the stroke volume. In heart disease, deviations from the normal relation may occur (Sjostrand, 1960) .
The results in the present material show that such deviations occur mainly in the patients with tight stenosis (Group I). The deviation from the normal relation between physical working capacity, heart volume, and total amount of hemoglobin was, however, small in the majority of the patients with pulmonary stenosis, and was much smaller than in patients with atrial septal defect .
In pulmonary stenosis the right ventricle compensates for the outflow tract obstruction with muscular hypertrophy and increased systolic pressure.
The compensation may well be enough to maintain a normal stroke volume. During exercise the systolic pressure must rise further in order to maintain the stroke volume, because of a much shorter duration of systole during work. In many cases the right ventricular pressure was sufficiently raised to deliver a normal stroke volume at a high heart rate, thus maintaining a normal physical working capacity. There should, however, be an upper limit for the pressure rise in the right ventricle. In the patients studied the maximal right ventricular systolic pressure observed was 240 mm. Hg. Therefore, if the stenosis is tight, the compensation by increasing the right ventricular systolic pressure may be incomplete.
A prolonged duration of systole should enhance the maintenance of a normal stroke volume, and was found in most of the patients, particularly in Group I, but was also in Groups II and III (Table III, Fig. 6 ). However, a prolongation of systole during exercise at a high pulse rate results in a shorter diastole, which might impede the ventricular filling and thus limit compensation in this way.
In spite of a high right ventricular systolic pressure and a prolonged duration of systole, the compensation was incomplete in many patients with tight stenosis; and the stroke volume was small. In these cases the cardiac output was low in relation to the oxygen uptake during exercise and the arteriovenous oxygen difference was high (Group I, Table III ). This partly compensates for the small stroke volume, and, therefore, the physical working capacity may be fairly normal also in some cases with fairly tight pulmonary stenosis. In general, however, there was a close positive correlation between the physical working capacity (PWC170) and the stroke volume (Table IV) regression equations for normal subjects and patients with pulmonary stenosis being quite similar (Table V) . The wider range of deviation of individual results from the regression line in the group of pulmonary stenosis than in normal subjects is probably due to a greater variability of the AV 02-difference at a pulse rate of 170.
The right ventricular systolic pressure at rest, or the calculated area of right ventricular outflow tract, was less closely correlated to the physical working capacity than stroke volume was (Table IV) (Holmgren et al., 1957) . Symbols as in Fig. 1 . , 1957) . Hypertrophy of the right ventricle does not add much to the total heart volume which was in the normal range in most ofthe patients. The increased right atrial pressure may be associated with increased atrial volume and may therefore cause some heart enlargement. A marked increase in the heart volume, however, must be associated with a large residual volume of the right ventricle. Therefore, the stroke volume is small in relation to heart volume in patients with tight stenosis (Table III) . In 6 patients the heart was considerably enlarged. The patient with the largest heart (Case 13) had the highest diastolic pressure in the right ventricle at rest. None had clinical signs of heart failure.
Decreased In pulmonary stenosis and in atrial septal defect, the right ventricle has to perform an increased "pressure work" and an increased "volume work", respectively. Only in the latter instance is the heart regularly enlarged . However, the physical fitness of the two types of patients seems to vary widely and is independent of the degree of primary hemodynamic disturbance, i.e. the increase in resistance through the right ventricular outflow in pulmonary stenosis or the magnitude of the shunt in atrial septal defect. The functional compensation in these patients with a congenital pulmonary stenosis is evidently better than in patients with an acquired obstruction of the pulmonary artery (Ehrner, Garlind, and Linderholm, 1959) .
In atrial septal defect the cardiac function is deteriorating with increasing age . In pulmonary stenosis the same might occur. In the present material there were only 5 patients with severe stenosis (Groups I and II) over the age of 40 years, but all with a well-compensated heart function. The long-term prognosis cannot be evaluated from our data, but it is evident that at least some patients are able to maintain an efficient cardiac function to a relatively old age. This is in agreement with the experience of other writers (Engle, Ito, and Goldberg, 1964) . Without cardiac catheterization measuring cardiac output and pressures simultaneously, it is difficult to evaluate the severity of pulmonary stenosis. A low physical working capacity (in relation to total amount of hxmoglobin and heart volume) and a large heart volume (in relation to total amount of haemoglobin or body weight) indicates that several compensating mechanisms have been utilized but not sufficiently to maintain a normal functional capacity.
SuMMRi y
Patients with pulmonary stenosis of varying degrees were studied at rest and during exercise. The physical working capacity was below the average for normal subjects, particularly in patients with a severe stenosis (Group I: calculated area of the right ventricular outflow tract of less than 033 cm.2 M.2 body surface area). In most of these Group I subjects the physical working capacity was low in relation to total amount of hemoglobin and also to heart volume, but in a few it was in the normal range. The cardiac output in relation to 02 uptake, and the stroke volume in relation to blood volume and heart volume, were below the normal, and the increase in right ventricular systolic pressure during exercise in relation to increase in cardiac output was the highest. In less severe stenosis, conditions more or less approached the normal state. In the whole group studied the working capacity was fairly closely correlated with the stroke volume, but less closely with the right ventricular outflow area or the right ventricular systolic pressure at rest.
The hemodynamic changes were discussed with regard to the mechanisms of maintaining a sufficient circulation in spite ofthe stenosis. The obstruction was more or less compensated by a high right ventricular systolic pressure. Maximal right ventricular systolic pressures of 220 and 240 mm. Hg were recorded at rest and during exercise, respectively. It is unlikely that much higher pressures can be generated even by a severely hypertrophied right ventricle; so that this compensatory mechanism has its limit. The systolic pressure rise is insufficient to give a normal stroke volume in most patients with a high grade stenosis, particularly during exercise. A prolonged duration of systole was observed in most of the pulmonary stenosis patients and helped to compensate for the impeded ejection of the right ventricular stroke volume. A high right ventricular filling pressure, increasing during work, was also regarded as a compensatory mechanism and a prerequisite for the ventricle to maintain a normal stroke volume. A conspicuous increase in the heart volume, probably due to an increased residual volume of the right ventricle and the enlarged right atrium, was found among the patients with severe stenosis. In most of the patients the heart volume was normal or only slightly increased in relation to the total amount of hemoglobin.
